Lanthanum and yttrium compounds with composition RE2M2O7 (RE=Y, La; M = Ti, Zr, Hf) have high density and high Z and can be doped with Ce onto the La and Y sites. This makes these compounds good candidates for Ce activated scintillator γ-ray detectors particularly for the hafnate systems which have a very high density. There is disagreement in the literature concerning La2Hf2O7:Ce as it has been reported to show both bright as well as no Ce activated luminescence by different experimental groups. We have performed first-principles electronic structure calculations of these compounds doped with Ce using the pseudopotential method based on the generalized gradient approximation in density functional theory. The positions of the Ce 4f states relative to the valence band maximum and the position of the Ce 5d states relative to the conduction band minimum (CBM) of the host material are determined. We find, unlike Ce activated La and Y compounds where the CBM is typically of La 5d or Y 4d character, that, in these systems the CBM is predominately of d character on the Ti, Zr, Hf atoms. For all these compounds we also find that the Ce 5d state lies above the CBM which would prevent any luminescence from the Ce site.
I. INTRODUCTION

Today Ce
3+ is the most common trivalent lanthanide activator for fast and bright scintillation. [1] [2] [3] Excellent energy resolution together with high light yield and fast decay time has stimulated active interest in the development of Ce-doped LaBr 3 for application in space missions, [4] medical imaging [5] and radio-isotope identification. [6] However, even the efficient rare-earth halide scintillators have undesirable attributes like hygroscopic nature and mechanical fragility which pose challenges to manufacturing [7] [8] [9] and, hence, the quest to find new scintillator materials continues. The possibility of computational modeling to aid scintillator discovery has been the subject of several papers in the past. [10] [11] [12] [13] This is pertinent even more now with the availability of a vast literature of known luminescent materials and powerful computational tools (hardware and algorithms) to study underlying physical phenomena and then employ them for selecting promising candidate materials.
We have recently developed a systematic approach to select candidate materials for bright Ce scintillation based on a set of theoretical criteria derived from studies of more than 100 crystalline compounds by firstprinciples electronic structure calculations within the framework of density functional theory (DFT). [14] Our calculations have been validated for known bright Ce scintillators and non-scintillators (compounds not activated by Ce 3+ dopant). New Ce-activated scintillator materials have also been reported. The objective of our theoretical work is to select candidate materials for synthesis as well as complement experimental work through simulations of promising scintillator materials. [15] Since Ce 3+ activation has been documented in a variety of host materials, [16, 17] the effectiveness of our prescreen selection criteria is further crucially tested by how well we are able to predict non-scintillators. RE 2 M 2 O 7 (RE = Y, La; M = Ti, Zr, Hf) compounds have been actively studied for applications in nuclear waste removal, [18] catalysis, [19] as hosts for luminescent centers, [20] and recently in the semiconductor industry. [21] Our interest in these materials is because of their high density and high Z which is a desirable attribute for a scintillator material used in γ-ray detectors. [22] Ce can be readily incorporated as a dopant in many La and Y based scintillator materials, thus it is interesting to study the electronic structure of these materials doped with Ce. Another reason to study these compounds from a theoretical standpoint stems from some disagreement in the literature regarding La 2 Hf 2 O 7 :Ce. Borisevich et al. [23] Ce is also counter-intuitive from simple empirical electronegativity considerations [26] since electronegativities of La (1.1) and Ce (1.12) are smaller than Hf (1.3) on the Pauling scale. This would imply that Ce 5d character states should lie above Hf 5d states. However, the electronegativity argument does not capture physical considerations such as local structure around the dopant, bonding, crystal field splittings, etc. In particular there are many cases of Ce doped La systems where the Ce 5d states lie above the La 5d states e.g. La 2 O 3 :Ce and LaAlO 3 :Ce, even though the Ce has slightly higher electronegativity than La. [14] Ab initio calculations based on density functional theory have been successfully used by our group [27] [28] [29] as well as by others [30, 31] 1 5d 0 ). Our theoretical calculations for the prediction of candidate scintillator materials are based on the calculation of the Ce 5d and 4f levels relative to the valence and conduction band of the host material. The Ce 4f and 5d levels must lie in the forbidden energy gap of the host material for Ce-activated luminescence to be observed in the material.
The basic model for scintillation in a Ce doped material is that an incident gamma ray will produce a large number of electron-hole (e-h) pairs in the host material that then transfer to the Ce site. However, when the Ce 4f level is in the valence band (Figure 1(a) ) then a hole created by the γ-ray cannot be captured by the Ce and it may migrate to the top of valence band (VBM). This may result in fluorescence from the host but not Ce 3+ scintillation. On the other hand, if Ce 5d states are inside the conduction band then the electron created by the γ-ray will not diffuse to the Ce site since that is not energetically favorable (Figure 1(b) ). Other possible scenarios for reduced or a lack of detectable Ce 3+ scintillation arise from loss of e-h pairs to competing processes in the host material [32, 33] (e.g., hole trapping, electron trapping, STEs) before transfer to the Ce site.
Using first-principles calculations we can predict the Ce 4f -VBM energy gap in a number of host materials, and by studying the character of the lowest occupied conduction band state we can qualitatively estimate if the Ce 5d states are below the conduction band. [27] We do not model other competing processes in the host which may reduce brightness. However, it should be noted that for Ce 3+ luminescence to be observed the Ce 4f and 5d states must "fit in"the bandgap of the host. This is a necessary (but not sufficient) condition for Ce 3+ luminescence.
III. COMPUTATIONAL PROCEDURE AND DETAILS OF CALCULATIONS
Our calculation procedure follows the prescription described in Ref. [14] . We begin by taking atomic positions and crystal symmetry group information of the host compound from the Inorganic Crystal Structure Database (ICSD). [34, 35] The calculations are then performed in the following three stages. 2. A ground state band structure calculation is performed to determine the position of the Ce 4f level with respect to the VBM of the host material. The LDA+U approach [36] has been used to give a better description of the localized Ce 4f state.
3. A constrained LDA (excited state) calculation is then performed by setting the occupancy of Ce 4f states to zero and filling the next highest state. Subsequent analysis of the band decomposed charge density is used to qualitatively determine the position of Ce 5d relative to the bottom of the conduction band (CBM).
All calculations were performed using the plane wave basis set code VASP. [37] [38] [39] Spin polarized calculations were carried out within the Perdew-Burke-Ernzerhof (PBE) parameterization to the exchange-correlation functional. [40] and the projected augmented wave (PAW) approach, [41] as implemented in VASP, [42] was used to treat the valence electron-ion interaction. The plane wave basis set for the electronic wave functions was defined by a cutoff energy of 500 eV. Integration within the Brillouin zone was performed on a Γ centered 2 × 2 × 2 grid of k -points. The total energy convergence criterion was set to 10 −6 eV. Structural relaxations of atomic positions were carried out until the residual forces on any atom were less than 0.01 eV/Å.
We have used the rotationally invariant method of Dudarev et al. [43] as implemented in the VASP code [44] for PBE+U calculations. We have used a value of U eff = 2.5 eV for the Ce 4f states in these compounds where the Ce impurity is surrounded by nearest neighbor oxygen anions. This is based on our first-principles studies of Ce-doped compounds. [14] The value of U eff = 2.5 eV was found to be suitable for matching the Ce 4f -VBM gap to experiments for a variety of Ce doped compounds including oxides. DFT-PBE (or LDA) calculations incorrectly position the unoccupied La 4f states at the bottom of conduction band as, for example, in LaBr 3 :Ce. [45] However, La 4f states lie higher in energy [46] so following the prescription of Ref. [47] we used a U eff parameter for La 4f states and move them higher in energy. An interesting aspect of RE 2 M 2 O 7 (RE = Y, La; M = Ti, Zr, Hf) compounds is that the transition metal ions have the same +4 valence, but with increasing principal quantum number the d -orbital becomes increasingly extended in character [48] from Ti (3d ) to Zr (4d ) to Hf (5d ) compounds. Ti 3d states are most localized in nature and hence ill described by LDA (or GGA) because of the associated self-interaction error. [49] Our PBE+U calculations include a +U correction for Ti 3d states with U eff = 5.5 eV. [50] A constrained LDA calculation is performed at the Γ point by manually setting the occupation of the Ce 4f states to zero and filling the first excited d character state. From the analysis of the band decomposed charge density we determine the localization of the excited state on the Ce site by measuring the percentage of this state surrounding the Ce atom. This is done by constructing a Voronoi type polyhedron centered on each ion and integrating the portion of charge density within this volume.
IV. RESULTS AND DISCUSSION
A. Ground State
The La compounds studied in this work mostly crystallize in the cubic pyrochlore structure (space group Fd3m) except La 2 Ti 2 O 7 , which exists in a monoclinic layered perovskite structure (space group P1121 ) at room temperature. The pyrochlore structure [51] (A 2 B 2 O 7 ) is a super structure derivative of the simple fluorite structure (AO 2 ≡ A 4 O 8 ), where the A and B cations are ordered along the <110> direction and one-eigths of the anions are absent. The anion vacancy resides in the tetrahedral intersticial site between adjacent B-site cations which reduces the coordination of cation B from 8 to 6. The pyrochlores are generally formed by combining a trivalent A cation and a tetravalent B cation. The monoclinic structure is a variant with same stoichiometry as the pyrochlore structure but it is preferred when cation A is larger than cation B. Figure 2 shows the total and atom projected partial density of states (DOS) for monoclinic La 2 Ti 2 O 7 :Ce. The Fermi level is set at 0 eV which is also the position of the occupied Ce 4f state. Oxygen 2p states mainly form the top of valence band and the host VBM is separated from the occupied Ce 4f (i.e., Ce 4f -VBM gap) by approximately 2.5 eV. We can see clearly from the ground state DOS plots that the conduction band minimum (CBM) has a predominantly 3d character attributed to Ti. Ce (and La) 5d states are about 2-3 eV higher in energy. Therefore, it is highly unlikely that an ionized electron will localize on the Ce site. An important point to note here is that the nature of the CBM is markedly different from known oxide Ce scintillators such as LaB 3 O 6 :Ce and YAlO 3 :Ce, where La or Y d character states are generally the lowest lying host conduction band states.
Amongst all the compounds studied in this work, only La 2 Ti 2 O 7 has more than one inequivalent trivalent sites (La 3+ ) for Ce 3+ substitution. These La sites differ in their oxygen coordination and bond lengths. We found that the Ce 4f -VBM gap varies between 2 eV to 2.9 eV for the different Ce 3+ substitution sites (Figure 3 ). However, since the Ce 5d is situated well above CBM, even though the crystal field effects change due to change in local environment, Ti 3d states are still at the bottom of conduction band. Figure 2 shows partial atom projected DOS plots when Ce is substituted on La site III. Because the host compounds have same cubic crystal structure, the Ce dopant environment is similar (surrounded by same number of nearest neighbor oxygen atoms) in the doped systems. The 4f -VBM energy gap are therefore very similar for these systems. As we move from Zr to Hf compound, we see that the host conduction band states are progressively an admixture of La and transition metal d states. This systematic trend of overlapping of transition metal d states with La 3+ d states has been analogously observed for SrMO 3 (M = Ti, Zr, Hf) oxides from spectroscopic measurements. [52] A common feature of these ground state plots is the positioning of unoccupied Ce 4f states at the bottom of the conduction band. However, in a situation of hole capture by the Ce ion, Ce 4f states will shift and move lower in energy. We have seen this movement of unoccupied Ce 4f states (sometimes by about 2-3eV) from excited state calculations. [14] This is due to the localized nature of the Ce 4f states in these compounds. Considering the states above the Fermi level, for Ti and Zr compounds, Ce 5d character states are located clearly above the bottom of conduction band. However, Ce 5d states show mixing with the host d character bands at the bottom of conduction band for La 2 Hf 2 O 7 :Ce. This is noteworthy since the nature of conduction band states in this compound 
B. Excited State
For most Ce-doped scintillator candidate materials, Ce 5d states hybridize with the host conduction band states like La 5d or Y 4d states. A constrained LDA calculation gives us a qualitative measure of the position of the Ce 5d state relative to the CBM and from our experience these calculations give consistent results for Ce doped scintillators and non-scintillators. [14] However, for the class of the systems studied in this work, because the bottom of conduction band is mostly composed of the transition metal d character states, it is expected that the localization would be mostly around the transition metal atoms. Figure 6 shows the charge density isosurface plots of the first d character conduction band state for the compounds studied in this work. Localization on the Ce site would indicate possibility of Ce 3+ luminescence whereas a delocalized state indicates no possibility of Ce 3+ luminescence. We can clearly see that in all compounds studied there is no localization of the excited electron state on the Ce site. Therefore, our calculations indicate that the Ce 5d states are situated much higher in energy in the conduction band and, as a consequence, ionized electron will not localize on the Ce site. Thus, Ce luminescence in these host materials is unlikely.
It is important to note that Ce 3+ activated AHfO 3 (A = Ba, Sr, or Ca) ceramic scintillators [53, 54] Ce is concerned, our calculations agree with the observation of Ji et al. [24] and Cherepy et al. [25] in that we believe Ce luminescence in this material is unlikely; although further experimental data on this material will be helpful. This material is the subject of experimental investigation by our group and detailed results will be published in the future. We would like to also mention that a recent experimental paper on Lu 4 Hf 3 O 12 powders doped with different rare-earth ions did not find any evidence of Ce activation in this host. [56] Havlak et al. [56] think that this is probably due to the positioning of lowest Ce 5d inside the host conduction band. This result is significant since Lu 4 Hf 3 O 12 crystallizes in the δ-phase (space group R-3m) which is closely related to the fluorite structure. The pyrochlore and δ-phase are oxygen deficient fluorite structure derivatives. Further information on these structures can be found, for example, in Ref. [57] .
Luminescence of Ti 4+ in La 2 Hf 2 O 7 host has been studied for application in X-ray imaging. [20] Our calculations Figure 7 further examines the three lowest conduction band states of La 2 Hf 2 O 7 :Ce from excited state calculations. From our calculations we scan up the higher excited states and search for states which may have predominately Ce 5d character. We find that, although the lowest excited state has a mainly Hf 5d character, the next highest states ((i +1) and (i +2)) are mainly localized around the Ce site. This situation is analogous to the results presented by van der Kolk et al. [58] from experimental studies of LaAlO 3 :Ce where they place lowest Ce 5d states few tenths of an eV above the bottom of conduction band. Our calculations ignore the effects of spin-orbit coupling on the splitting of 5d character states of the conduction band. A recent paper by Gracia et al. [59] [60] find that with the inclusion of spin-orbit interactions, Hf 5d states shift by about 0.05 eV in HfO 2 using FLAPW calculations. This suggests that including the effects of spin-orbit coupling will not change the relative position of the lowest Ce 5d state with respect to the bottom of the conduction band (Hf 5d character).
Results presented so far have demonstrated one possible situation for no Ce luminescence wherein the lowest Ce 5d is above the CBM (Figure 1(b) ). This is also the reason why compounds such as LaAlO 3 :Ce, La 2 O 3 :Ce, etc, do not show Ce 3+ luminescence, and our calculations show that in agreement with experimental results. [14] In our studies of more than hundred Ce doped compounds so far we have not seen evidence of Ce 4f situated in the host valence band of candidate scintillator materials. This is consistent with available experimental data on Ce doped compounds. 
V. CONCLUSION
We have presented results of first-principles density functional theory calculations for Ce doped RE 2 M 2 O 7 compounds (RE = Y, La; M = Ti, Zr, Hf). Our calculations indicate that the lowest Ce 5d state lies above the bottom of conduction band in these materials. This would prevent Ce luminescence in these materials. Our results agree with available experimental data.
The predictive power of any pre-screen selection criteria is critically dependent on the successful prediction of negative candidates. This paper presents results of a class of materials which are found to be non-scintillators. These results indicate that our systematic calculation procedure can successfully screen non-scintillators and therefore, be applied to effectively identify candidate materials for Ce 3+ luminescence in inorganic compounds.
